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Natural Weak Scale SUSY

2

• Natural SUSY requires light stops* to resolve the top 
quark induced quadratic divergences.

• Compels exploring/ruling out all of stop parameter 
space. 

*See Dine’s talk, Barbieri and Giudice, Nucl.Phys. B306; Carlos and Casas, Phys. 
Lett. B309; ...
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Today’s Considerations

3

dark matter,
�MT 0� = mT 0 �m�. (1)

If �MT 0� ⇠ m
top

, then, on average, a minimum amount of missing energy is generated. This small
amount of missing energy is often faked by the overwhelming SM tt background. Thus it is di�cult
to separate signal from the SM background in this limit. In Appendix A, we show the current
bounds on the stop and heavy parity-odd top quarks from the LHC. In Section ??, we introduce
new kinematic variables that can aid in separating signal from the SM background. Although our
methods could apply in generic regions of parameter space, we emphasize, even in the limit where
�MT 0� ! m

top

, the signal can be separated in this regime of parameter space.
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   1.  R-parity conserving SUSY* with one light stop.

   2.  Stop pair production w/100%                   BF  

   3.  Semi-leptonic top pair decays.  
       (Final states with one lepton + 2 b-jets + n-jets + MET)

*Techniques work for generic top partners with MET in final state.
  See K. Agashe’s HE4 talk on benchmarks.
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Stop Searches
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*Han, Mahbubani, Wang and Walker, JHEP 0905

  The most important parameter for stop searches*:

 (Smallest value = compressed spectrum/experimentally difficult)
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Recent Stop Searches @ the LHC
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Talk Contents

6

1.  Introduce deconstructed transverse mass variables*.
  

2.  Summary of a stop search using these variables.  

*A. Ismail, A. Schwartzman, R. Schwienhorst, J. Virzi and D. Walker,   
 arXiv1304.00xx, arXiv1304.00yy
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Deconstructed Transverse 
Mass Variables
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• Traditional missing energy searches are “cut and 
count” relying on a statistically significant excess of 
large      events. 

• Missing energy is not only a scalar but also a vector!

• We want to include vector information to make 
missing energy searches more efficient/maximize LHC.

1 Introduction

The TeV scale is being directly probed by the Large Hadron Collider (LHC). Remarkably, a 125

GeV higgs-like particle [1, 2] has been discovered! Should this particle be the widely expected

higgs boson, the experimentally successful Standard Model (SM) will be completed. A serious

theoretical inconsistency remains, however. It is well known that radiative corrections, generated

dominantly by top quark loops, push the higgs to have a mass of order the next largest scale of

new physics. Since the Planck scale is only known scale beyond the weak scale, naively the higgs

should have a mass of order 1019 GeV. This implies the couplings between the higgs and the SM

particles must be “fine-tuned” the reproduce the well-measured weak interactions. Natural models

of new physics ameliorate this problem by adding new top partners to the SM which cancel (some

or all of) the top quark radiative corrections. A sample of popular natural models can be found

in [3,4,5,6,7,8,9,10,11,12,13]. We aim to provide a comprehensive search strategies for these top

partners during the early LHC.

In additional to the motivation from model building, it is well known the LHC is a top factory:

About X million [check] single top events and Y millions top pair events are expected during the

LHC7/8 runs for the first 10 fb−1 of data [14, 15]. Moreover, the production cross section for SM

single top and top pair events are precisely known at least to NLO [18]. For these reasons (and

those in the previous paragraph), we consider the production of top partners which subsequently

decay to dark matter and top quarks. We assume the dark matter and top partners transform

non-trivially under a symmetry to ensure the dark matter remains stable on detector timescales.

The signal processes then are able to generate a non-trivial amount of missing energy. For sim-

plicity, we focus on two proxies for natural new physics: Supersymmetric theories (where the stop

(t̃) as the top partner) and parity-odd heavy top quarks (T ′) common in little higgs models. In

the literature, exploring new physics with top pair production has been studied before by one of us

in [19] and extensively many other papers [22] [Add recent papers]. Also, single top plus large

missing energy signatures have been discussed before. However for the reasons in [16], our work

is new. We show the combination of both single top and top pair signal channels maximizes the

sensitivity of the early LHC to natural new physics1

Current bounds on the decay processes described above come from searches for tt + E/T at the

LHC. A key for these search strategies are large missing energy and transverse mass searches to

separate signal from background. As was emphasized in [19], the most important parameter in

searching for new physics in this channel is the mass difference between the top partner and the

1Natural models of new physics can have top partners not charged under a stabilization symmetry. The top
partners would then decay to the lighter Standard Model without (in most cases) generating missing energy signatures.
Those searches are not our focus; however, the most recent experimental bounds can be found in [20,21].

2

Motivation
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Figure 4: Cartoon of the multi-jet plus lepton final state for the signal and the background.

Here !E/T and E/T are defined earlier in the text. The transverse angle between the lepton and the

missing energy vector is defined as

cos φ ≡
!pl T · !E/T

pl T E/T
(45)

As discussed in Section 6, the signal kinematics drive cos φ → −1. We want to be sure to exploit

this unique kinematics. We redefine the transverse invariant mass as

Q > cos φ (46)

where

Q ≡ 1 −
M2

W

2 pl T E/T
. (47)

We plot Q and cos φ independently. This allows us to retain cos φ information and cut on signal

regions in the (cos φ, Q) plane. We now explain the inequality in equation 46.

Semi-leptonic W Reconstruction: Full reconstruction of the final state in Figure 4 requires

determining the four unknowns generated by the missing neutrino momentum. Because the sum of

the momenta in the transverse directions is zero, two of the four unknowns can be obtained. The

two solutions to the neutrino longitudinal momentum are

pνL =
1

2 p2
l T

(

Apl L ± El

√

A2 − 4 p 2
l T E/2

T

)

. (48)

where A = M2
W + 2 !pl T · !E/T . Most importantly, the neutrino longitudinal momentum becomes

unphysical when

M2
W < 2

(

pl T E/T − !pl T · !E/T
)

. (49)

This is the transverse invariant mass (equation 44) for MT = MW . The main point: Given an

idealized detector, the background processes generate real solutions to equation 48. However, the

14

• My claim:  Traditional transverse mass cuts do 
not maximally optimize signal-to-background.

• MET can be small for compressed spectra events.  
Can the directional information between the missing 
energy vector and lepton enable better cuts?

W + n-jets + MET    

W Transverse Mass

The expanded |ηj | rapidity is consistent single top studies. As discussed above, single top processes

often have forward jet(s).

We define the missing energy of the system as E/T =
∣

∣
"E/T

∣

∣ where

"E/T = −
∑

i

Ei
T (40)

and i runs over the transverse directions. We require the following missing energy cut

E/T > 25 GeV. (41)

Along with the missing energy, we conservatively require the jets and leptons to have a transverse

momentums of at least

pT lepton > 25 GeV pT jets > 25 GeV pT b−jets > 25 GeV (42)

Finally, we also require

mT + E/T > 60 GeV (43)

which is used in [31] to get rid of the QCD multi-jet processes which fake electrons or muons. Mod-

eling multijet backgrounds is beyond the scope of this paper. We do not consider them further.

This will generate an error of roughly 5% in the overall background estimate [59].

[31] shows To be sure we have properly estimated the backgrounds, we With these cuts, we plot the

cross section for the signal and selected backgrounds in Figure 3. (Some of the cuts are needed to

prevent divergences in the monte-carlo.) We vary the signal cross section by the top partner mass

keeping the dark matter mass fixed at 100 GeV. We also plot cross section for the LHC7, LHC8

and LHC14 runs. For comparison, we also plot the t + t + χ + χ signal cross section with the cuts

listed above for comparison.

With these cuts we get the following cross sections which allows direct comparison with [].

8 Event Reconstruction and Analysis

8.1 A New Transverse Mass Variable

The signal and dominant backgrounds have a final state with a leptonically decaying W boson. See

the cartoon in Figure 4. Traditionally, a W transverse mass variable is employed to separate the

signal from the background,

M2
T = (El T + E/T )2 − ("pl T + "p/T )2 (44)

M2
T = 2El T E/T (1 − cos φ).

13
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Deconstructed Transverse Masses

Redefine:   

Figure 4: Cartoon of the multi-jet plus lepton final state for the signal and the background.
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Deconstructed Transverse Masses

Redefine:   

• We essentially deconstructed the transverse mass into 
components that (maximally) preserve information 
about the missing energy.

• Q goes to 1 in the large MET limit.

• cos gives angle between MET transverse vector and 
lepton

Figure 4: Cartoon of the multi-jet plus lepton final state for the signal and the background.
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prevent divergences in the monte-carlo.) We vary the signal cross section by the top partner mass

keeping the dark matter mass fixed at 100 GeV. We also plot cross section for the LHC7, LHC8

and LHC14 runs. For comparison, we also plot the t + t + χ + χ signal cross section with the cuts

listed above for comparison.

With these cuts we get the following cross sections which allows direct comparison with [].

8 Event Reconstruction and Analysis

8.1 A New Transverse Mass Variable

The signal and dominant backgrounds have a final state with a leptonically decaying W boson. See

the cartoon in Figure 4. Traditionally, a W transverse mass variable is employed to separate the

signal from the background,

M2
T = (El T + E/T )2 − ("pl T + "p/T )2 (44)

M2
T = 2El T E/T (1 − cos φ).
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Deconstructed Transverse Masses

stop pair production signal
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More on the backgrounds, simulation, cuts later.
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Deconstructed Transverse Masses

Stop pair production signal
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Deconstructed Transverse Masses

• Allows cuts in the Q/cosphi plane to better isolate the 
signal.  Cut contours can be optimized for different        
             searches.

• What does this buy us?  

• Cut contours allow the traditional transverse mass cut 
to vary depending on the missing energy vector and scalar.

Figure 4: Cartoon of the multi-jet plus lepton final state for the signal and the background.

Here !E/T and E/T are defined earlier in the text. The transverse angle between the lepton and the

missing energy vector is defined as

cos φ ≡
!pl T · !E/T

pl T E/T
(45)

As discussed in Section 6, the signal kinematics drive cos φ → −1. We want to be sure to exploit

this unique kinematics. We redefine the transverse invariant mass as

Q > cos φ (46)

Q ∼ cos φ (47)

∆Mt̃1Z1
(48)

where

Q ≡ 1 −
M2

W

2 pl T E/T
. (49)

Q ≡ 1 −
M2

T

2 pl T E/T
. (50)

We plot Q and cos φ independently. This allows us to retain cos φ information and cut on signal

regions in the (cos φ, Q) plane. We now explain the inequality in equation 46.

Semi-leptonic W Reconstruction: Full reconstruction of the final state in Figure 4 requires

determining the four unknowns generated by the missing neutrino momentum. Because the sum of

the momenta in the transverse directions is zero, two of the four unknowns can be obtained. The

two solutions to the neutrino longitudinal momentum are

pνL =
1

2 p2
l T

(

Apl L ± El

√

A2 − 4 p 2
l T E/2

T

)

. (51)
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Deconstructed Transverse Masses

• Optimized             searches (unnormalized plots):

Figure 4: Cartoon of the multi-jet plus lepton final state for the signal and the background.
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missing energy vector is defined as

cos φ ≡
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(45)
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determining the four unknowns generated by the missing neutrino momentum. Because the sum of

the momenta in the transverse directions is zero, two of the four unknowns can be obtained. The
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Figure 15: Signal Grid
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Figure 24: Signal Grid
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Figure 11: Q vs cosφ for the background and background + signal, for the
2 tagged jet method
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Another New Variable

SM semi-leptonic top pair production:  

• Top reconstruction generates a two-fold 
ambiguity in the neutrino momentum.

• We choose the neutrino reconstruction to be:

2

∆p!
T /p!

T = 0.36(p!
T/TeV) ⊕ 0.013/

√
sin θ, where θ is the

polar angle of the lepton with respect to the beam di-
rection in the lab frame. We present two schemes to
reconstruct semileptonic tt̄ events and evaluate their ef-
ficacy.

(1). (MW , mt) scheme:
In this scheme, the key assumption is to take MW and
mt as inputs for their on-shell production and decays.
Step I: Demand m2

lν = M2
W . The longitudinal momen-

tum of the neutrino is formally expressed as

pνL =
1

2 p2
eT

(

ApeL ± Ee

√

A2 − 4 p 2
eT E/2

T

)

,

where A = M2
W + 2 "peT · "E/T . If A2 − 4 p 2

eT E/ 2
T ≥ 0,

the value of pνL that best yields the known top mass
via m2

lνb = m2
t is selected. This ideal situation may not

always hold when taking into account the detector reso-
lutions. For cases with no real solutions, we then proceed
to the next step.
Step II: To better recover the correct kinematics, we in-
stead first reconstruct the top quark directly by demand-
ing m2

lνb = m2
t . The longitudinal momentum of the neu-

trino is expressed as

pνL = A′ pblL/2(E2
bl − p2

blL) ±
1

2(E2
bl − p2

blL)

× (p2
blLA

′
2 + (E2

bl − p2
blL) (A

′
2 − 4E2

blE/
2
T ))1/2,

where A′ = m2
t−M2

bl+2 "pblT · "E/T . The two-fold ambiguity
is broken by choosing the value that best reconstructs
M2

W = m2
lν . A plot of the top and W mass distributions

is shown in Fig. 1(a). The solid histogram is from the
procedure Step I, and the dashed histogram from Step
II. With these two steps, there could still be some events
that do not lead to a real solution, We thus discard them
in our event collection. The discard rate is about 16%.

(2). Small θbW angle selection scheme:2

This scheme reconstructs the tt̄ system without rely-
ing on the top mass reconstruction, thus avoiding po-
tentially large QCD corrections due to gluon radiations.
Since we are interested in new physics in the TeV regime,
the top quarks will be relativistic with a γ-factor of (1
TeV)/2mt ∼ 3. We thus expect that the decay products
are fairly collimated along the top quark moving direc-
tion. This is illustrated in Fig. 1(b) for the normalized
opening-angle distribution between b and W+ in the lab
frame, where an increasing cluster transverse mass cut
has been imposed for the dotted, dashed and solid curves

2 We have chosen to use θbW in our reconstruction instead of,
e.g., θlν , because the b quark is on average much more energetic
(highly boosted) than the lepton.

FIG. 1: (a) The W and top mass reconstructions from the
(MW , mt) scheme, with the procedure Step I (solid) and Step
II (dashed). (b) Differential cross section versus cos θb W with
no invariant mass cut (dotted), and with cuts of 600 GeV
(dashed) and 1000 GeV (solid).

for MT > 0, 600, 1000 GeV, respectively. With the ini-
tial requirement m2

lν = M2
W , the two-fold ambiguity in

θbW is resolved by choosing the smaller reconstructed an-
gle. This scheme should work better at higher tt̄ invariant
masses.

Backgrounds to the tt̄ Signal:

The major backgrounds to our tt̄ events include the
processes W+ jets, Z+ jets, WW , WZ and ZZ. The
ATLAS and CMS Technical Design Reports [14] detail
studies of the selection efficiencies for these background
processes in comparison to a reconstructed tt̄ semilep-
tonic signal. The ATLAS (CMS) group found for an in-
tegrated luminosity of 10 fb−1 (1 fb−1) a signal to back-
ground ratio of S/B = 65 (S/B = 26) [13]. Because
of the expected high S/B ratio, our analysis is concen-
trated solely on the tt̄ events without including the small
background contamination. Our analysis does not in-
clude misidentification of faked leptons from jets in tt̄
total hadronic decays.
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∆p!
T /p!

T = 0.36(p!
T/TeV) ⊕ 0.013/

√
sin θ, where θ is the

polar angle of the lepton with respect to the beam di-
rection in the lab frame. We present two schemes to
reconstruct semileptonic tt̄ events and evaluate their ef-
ficacy.

(1). (MW , mt) scheme:
In this scheme, the key assumption is to take MW and
mt as inputs for their on-shell production and decays.
Step I: Demand m2

lν = M2
W . The longitudinal momen-

tum of the neutrino is formally expressed as

pνL =
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ApeL ± Ee

√

A2 − 4 p 2
eT E/2

T

)

,

where A = M2
W + 2 "peT · "E/T . If A2 − 4 p 2

eT E/ 2
T ≥ 0,

the value of pνL that best yields the known top mass
via m2

lνb = m2
t is selected. This ideal situation may not

always hold when taking into account the detector reso-
lutions. For cases with no real solutions, we then proceed
to the next step.
Step II: To better recover the correct kinematics, we in-
stead first reconstruct the top quark directly by demand-
ing m2

lνb = m2
t . The longitudinal momentum of the neu-

trino is expressed as
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where A′ = m2
t−M2

bl+2 "pblT · "E/T . The two-fold ambiguity
is broken by choosing the value that best reconstructs
M2

W = m2
lν . A plot of the top and W mass distributions

is shown in Fig. 1(a). The solid histogram is from the
procedure Step I, and the dashed histogram from Step
II. With these two steps, there could still be some events
that do not lead to a real solution, We thus discard them
in our event collection. The discard rate is about 16%.

(2). Small θbW angle selection scheme:2

This scheme reconstructs the tt̄ system without rely-
ing on the top mass reconstruction, thus avoiding po-
tentially large QCD corrections due to gluon radiations.
Since we are interested in new physics in the TeV regime,
the top quarks will be relativistic with a γ-factor of (1
TeV)/2mt ∼ 3. We thus expect that the decay products
are fairly collimated along the top quark moving direc-
tion. This is illustrated in Fig. 1(b) for the normalized
opening-angle distribution between b and W+ in the lab
frame, where an increasing cluster transverse mass cut
has been imposed for the dotted, dashed and solid curves

2 We have chosen to use θbW in our reconstruction instead of,
e.g., θlν , because the b quark is on average much more energetic
(highly boosted) than the lepton.

FIG. 1: (a) The W and top mass reconstructions from the
(MW , mt) scheme, with the procedure Step I (solid) and Step
II (dashed). (b) Differential cross section versus cos θb W with
no invariant mass cut (dotted), and with cuts of 600 GeV
(dashed) and 1000 GeV (solid).

for MT > 0, 600, 1000 GeV, respectively. With the ini-
tial requirement m2

lν = M2
W , the two-fold ambiguity in

θbW is resolved by choosing the smaller reconstructed an-
gle. This scheme should work better at higher tt̄ invariant
masses.

Backgrounds to the tt̄ Signal:

The major backgrounds to our tt̄ events include the
processes W+ jets, Z+ jets, WW , WZ and ZZ. The
ATLAS and CMS Technical Design Reports [14] detail
studies of the selection efficiencies for these background
processes in comparison to a reconstructed tt̄ semilep-
tonic signal. The ATLAS (CMS) group found for an in-
tegrated luminosity of 10 fb−1 (1 fb−1) a signal to back-
ground ratio of S/B = 65 (S/B = 26) [13]. Because
of the expected high S/B ratio, our analysis is concen-
trated solely on the tt̄ events without including the small
background contamination. Our analysis does not in-
clude misidentification of faked leptons from jets in tt̄
total hadronic decays.
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II. With these two steps, there could still be some events
that do not lead to a real solution, We thus discard them
in our event collection. The discard rate is about 16%.

(2). Small θbW angle selection scheme:2

This scheme reconstructs the tt̄ system without rely-
ing on the top mass reconstruction, thus avoiding po-
tentially large QCD corrections due to gluon radiations.
Since we are interested in new physics in the TeV regime,
the top quarks will be relativistic with a γ-factor of (1
TeV)/2mt ∼ 3. We thus expect that the decay products
are fairly collimated along the top quark moving direc-
tion. This is illustrated in Fig. 1(b) for the normalized
opening-angle distribution between b and W+ in the lab
frame, where an increasing cluster transverse mass cut
has been imposed for the dotted, dashed and solid curves

2 We have chosen to use θbW in our reconstruction instead of,
e.g., θlν , because the b quark is on average much more energetic
(highly boosted) than the lepton.

FIG. 1: (a) The W and top mass reconstructions from the
(MW , mt) scheme, with the procedure Step I (solid) and Step
II (dashed). (b) Differential cross section versus cos θb W with
no invariant mass cut (dotted), and with cuts of 600 GeV
(dashed) and 1000 GeV (solid).

for MT > 0, 600, 1000 GeV, respectively. With the ini-
tial requirement m2

lν = M2
W , the two-fold ambiguity in

θbW is resolved by choosing the smaller reconstructed an-
gle. This scheme should work better at higher tt̄ invariant
masses.

Backgrounds to the tt̄ Signal:

The major backgrounds to our tt̄ events include the
processes W+ jets, Z+ jets, WW , WZ and ZZ. The
ATLAS and CMS Technical Design Reports [14] detail
studies of the selection efficiencies for these background
processes in comparison to a reconstructed tt̄ semilep-
tonic signal. The ATLAS (CMS) group found for an in-
tegrated luminosity of 10 fb−1 (1 fb−1) a signal to back-
ground ratio of S/B = 65 (S/B = 26) [13]. Because
of the expected high S/B ratio, our analysis is concen-
trated solely on the tt̄ events without including the small
background contamination. Our analysis does not in-
clude misidentification of faked leptons from jets in tt̄
total hadronic decays.

• Signal generates imaginary top reconstruction.*

• Detector smearing gives imaginary reconstruction.

• We place an optimized cut on how “imaginary”
the event is to reduce smeared fakes.

*See, Han, Mahbubani, Walker, Wang,  JHEP 0905 (2009) 

1 Introduction

χt =

For the first time in history, the TeV scale is being directly probed by the CERN Large Hadron Col-

lider (LHC). Even at this early stage, hints of the Standard Model (SM) higgs [?,?] as well as strong

constraints of new physics has been produced. Of particular interest are the constraints on new

scalar and gauge bosons (e.g. resonances [?,?,?,?,?,?,?,?,?]) as well as new exotic fermions [?,?,?]

which are harbingers of new physics scenarios. Some popular scenarios, with the corresponding

constrained parameter space, can be found in [?,?,?,?,?,?,?,?,?,?]. In this paper, we show how

single top production in conjunction with a variety of associated final states can provide a sensi-

tive probe of a wide variety new physics states. Some of these signatures are complementary. We

therefore also show how these comparative signatures can highlight (or constrain) the underlying

physiccal mechanisms that are associated with the production of the new physics. In some cases,

new physics searches with single tops can supersede the expected constraints for the early LHC run.

Given the coming LHC shutdown/upgrade, these searches can help to maximize the sensitivity of

the early LHC to new physics.

Observation of SM single top production can be experimentally challenging. Indeed, fifteen years

ago the TeVatron first observed the top quark in top pair production [?,?]. Yet only a few years

before the shutdown of the TeVatron were the collaborations able to announce the observation

single top production at three standard deviations [?, ?]. One reason for these difficulties is, to

leading order, the jet(s) not associated with the top decay are frequently in the forward regions

in the detector. Thus is potentially difficult to distinguish single top events from dominant QCD

backgrounds. The difficulty in observing Standard Model production becomes a strength when

considering production of new physics. We show

Typically, the visible parts of single top + X production via virtual top partners is in the center

of the detector.

Independently, we initially discussed signatures of single top quarks produced in association with

large amounts of missing energy []. Since other papers [] have considered analogous signatures and

dubbed them “monotops.” Our work should not be confused with their studies. The dark matter

featured in the monotop papers is not stable on collider time scales and therefore could not gen-

erate missing energy signatures. Moreover, many of the production mechanisms discussed in the

literature are (effectively) experimentally excluded for the LHC. To see the former, note the dark

matter in [] does not have a stabilization symmetry. If one turns around the production diagrams

the dark matter should decay in 10−14 to 10−12 seconds. (These estimates use the parameters in [].)
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rection in the lab frame. We present two schemes to
reconstruct semileptonic tt̄ events and evaluate their ef-
ficacy.

(1). (MW , mt) scheme:
In this scheme, the key assumption is to take MW and
mt as inputs for their on-shell production and decays.
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the value of pνL that best yields the known top mass
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always hold when taking into account the detector reso-
lutions. For cases with no real solutions, we then proceed
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bl+2 "pblT · "E/T . The two-fold ambiguity
is broken by choosing the value that best reconstructs
M2

W = m2
lν . A plot of the top and W mass distributions

is shown in Fig. 1(a). The solid histogram is from the
procedure Step I, and the dashed histogram from Step
II. With these two steps, there could still be some events
that do not lead to a real solution, We thus discard them
in our event collection. The discard rate is about 16%.

(2). Small θbW angle selection scheme:2

This scheme reconstructs the tt̄ system without rely-
ing on the top mass reconstruction, thus avoiding po-
tentially large QCD corrections due to gluon radiations.
Since we are interested in new physics in the TeV regime,
the top quarks will be relativistic with a γ-factor of (1
TeV)/2mt ∼ 3. We thus expect that the decay products
are fairly collimated along the top quark moving direc-
tion. This is illustrated in Fig. 1(b) for the normalized
opening-angle distribution between b and W+ in the lab
frame, where an increasing cluster transverse mass cut
has been imposed for the dotted, dashed and solid curves

2 We have chosen to use θbW in our reconstruction instead of,
e.g., θlν , because the b quark is on average much more energetic
(highly boosted) than the lepton.

FIG. 1: (a) The W and top mass reconstructions from the
(MW , mt) scheme, with the procedure Step I (solid) and Step
II (dashed). (b) Differential cross section versus cos θb W with
no invariant mass cut (dotted), and with cuts of 600 GeV
(dashed) and 1000 GeV (solid).

for MT > 0, 600, 1000 GeV, respectively. With the ini-
tial requirement m2

lν = M2
W , the two-fold ambiguity in

θbW is resolved by choosing the smaller reconstructed an-
gle. This scheme should work better at higher tt̄ invariant
masses.

Backgrounds to the tt̄ Signal:

The major backgrounds to our tt̄ events include the
processes W+ jets, Z+ jets, WW , WZ and ZZ. The
ATLAS and CMS Technical Design Reports [14] detail
studies of the selection efficiencies for these background
processes in comparison to a reconstructed tt̄ semilep-
tonic signal. The ATLAS (CMS) group found for an in-
tegrated luminosity of 10 fb−1 (1 fb−1) a signal to back-
ground ratio of S/B = 65 (S/B = 26) [13]. Because
of the expected high S/B ratio, our analysis is concen-
trated solely on the tt̄ events without including the small
background contamination. Our analysis does not in-
clude misidentification of faked leptons from jets in tt̄
total hadronic decays.
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Basic ATLAS Acceptance Cuts*

1.  Four leading jets with pT > 80/60/40/25 GeV and             .

2.  Electron/muon pT > 25 GeV and               /             .

3.  Jets/leptons isolated with              .  

4.  1 b-tag with 75% b-tagging efficiency

*See ATLAS-CONF-2012-166

with transverse momentum pT > 0.4 GeV. Events are retained if they contain exactly one muon [66]
with |η| < 2.4 and pT > 25 GeV or one electron passing ‘tight’ [67] selection criteria with |η| < 2.47 and
pT > 25 GeV. Leptons are required to be isolated from other particles. The scalar sum of the transverse
momenta of tracks above 1 GeV within a cone of size ∆R < 0.2 around the lepton candidate is required
to be < 10% of the electron pT, and < 1.8 GeV for a muon. Events are rejected if they contain additional
leptons passing looser selection criteria and pT > 10 GeV. Jets are reconstructed from three-dimensional
calorimeter energy clusters using the anti-kt jet clustering algorithm [68] with a distance parameter of 0.4.
Jet inputs (clusters) are calibrated for the effects of calorimeter non-compensation and inhomogeneities
by weighting differently energy deposits arising from electromagnetic and hadronic showers using cali-
bration factors derived from MC simulations and validated with data [69–72]. An additional jet energy
calibration is subsequently applied to correct the jet energy response to the true hadron-level jet energy.
The impact of additional collisions in the same or neighbouring bunch crossings is also taken into account
using offset corrections derived as a function of the average number of interactions per bunch crossing
〈µ〉 and of the number of primary vertices. Events with four or more jets are selected with |η| < 2.5 and
pT > 80, 60, 40, 25 GeV, respectively. At least one jet needs to be identified as a b-jet. Jets containing a
b-hadron decay (b-jets) are identified using the ‘MV1’ b-tagging algorithm [73–76] which exploits both
impact parameter and secondary vertex information. An operating point is employed corresponding to
an average 75% b-tagging efficiency and a < 2% misidentification rate for light-quark/gluon jets for jets
with pT > 20 GeV and |η| < 2.5 in t  t MC events.

To resolve overlaps between reconstructed jets and electrons, jets within a distance of ∆R < 0.2 of
an electron candidate are rejected. Furthermore, any lepton candidate with a distance ∆R < 0.4 to the
closest remaining jet is discarded. The measurement of Emiss

T is based on the transverse momenta of
all electron and muon candidates, all jets after overlap removal, and all calorimeter energy clusters not
associated to such objects.

3.1 Signal Regions

Six signal regions (SRs) are defined in order to optimize the sensitivity for different stop and LSP masses.
The two tightest SRs D and E from the 2011 t̃1 → t+ χ̃0

1 analysis [20] have been retained for comparison.
Three SRs (labeled SRtN 1–3) have been optimized for the top LSP decay scenario exploiting the dis-
crimination power of all the variables studied. Each of these three SRs was optimized for a specific mass
region: SRtN1 for models where mt̃1 ! mt +mχ̃0

1
(close to the diagonal in the exclusion plot), SRtN2 for

models with high mχ̃0
1
, and SRtN3 for very high mt̃1 . The last SR (labelled SRbC) is used for the bottom

chargino decay scenario.
All five t̃1 → t + χ̃0

1 SRs require a selection on the 3-jet mass mj j j of the hadronically decaying top
quark to specifically reject the t  t background where both W bosons from the top quarks decay lepton-
ically. The jet-jet pair with an invariant mass above 60 GeV which has the smallest ∆R is selected to
form the hadronic W boson. The mass mj j j is reconstructed from a third jet closest in ∆R to the hadronic
W boson momentum vector and 130 GeV < mj j j < 205 GeV is required. To reduce background from
dileptonic t  t events with a hadronic τ in the final state, the selection in SRbC vetoes events that contain
an isolated track with pT > 10 GeV which passes basic track quality criteria and does not match the se-
lected lepton. The isolation criterion requires no additional track with pT > 3 GeV in a cone of ∆R < 0.4
around the candidate track.

For increasing stop mass and increasing mass difference between the stop and the LSP the require-
ments are tightened on Emiss

T , on the ratio Emiss
T /

√
HT, where HT is the scalar sum of the momenta of

the four selected jets, and on the transverse mass3 mT. Requirements are also tightened on two variants

3The transverse mass is defined as m2
T = 2plep

T Emiss
T (1 − cos(∆φ)), where ∆φ is the azimuthal angle between the lepton and

missing momentum direction.

3
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W boson momentum vector and 130 GeV < mj j j < 205 GeV is required. To reduce background from
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an isolated track with pT > 10 GeV which passes basic track quality criteria and does not match the se-
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with transverse momentum pT > 0.4 GeV. Events are retained if they contain exactly one muon [66]
with |η| < 2.4 and pT > 25 GeV or one electron passing ‘tight’ [67] selection criteria with |η| < 2.47 and
pT > 25 GeV. Leptons are required to be isolated from other particles. The scalar sum of the transverse
momenta of tracks above 1 GeV within a cone of size ∆R < 0.2 around the lepton candidate is required
to be < 10% of the electron pT, and < 1.8 GeV for a muon. Events are rejected if they contain additional
leptons passing looser selection criteria and pT > 10 GeV. Jets are reconstructed from three-dimensional
calorimeter energy clusters using the anti-kt jet clustering algorithm [68] with a distance parameter of 0.4.
Jet inputs (clusters) are calibrated for the effects of calorimeter non-compensation and inhomogeneities
by weighting differently energy deposits arising from electromagnetic and hadronic showers using cali-
bration factors derived from MC simulations and validated with data [69–72]. An additional jet energy
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an electron candidate are rejected. Furthermore, any lepton candidate with a distance ∆R < 0.4 to the
closest remaining jet is discarded. The measurement of Emiss
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ically. The jet-jet pair with an invariant mass above 60 GeV which has the smallest ∆R is selected to
form the hadronic W boson. The mass mj j j is reconstructed from a third jet closest in ∆R to the hadronic
W boson momentum vector and 130 GeV < mj j j < 205 GeV is required. To reduce background from
dileptonic t  t events with a hadronic τ in the final state, the selection in SRbC vetoes events that contain
an isolated track with pT > 10 GeV which passes basic track quality criteria and does not match the se-
lected lepton. The isolation criterion requires no additional track with pT > 3 GeV in a cone of ∆R < 0.4
around the candidate track.

For increasing stop mass and increasing mass difference between the stop and the LSP the require-
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with transverse momentum pT > 0.4 GeV. Events are retained if they contain exactly one muon [66]
with |η| < 2.4 and pT > 25 GeV or one electron passing ‘tight’ [67] selection criteria with |η| < 2.47 and
pT > 25 GeV. Leptons are required to be isolated from other particles. The scalar sum of the transverse
momenta of tracks above 1 GeV within a cone of size ∆R < 0.2 around the lepton candidate is required
to be < 10% of the electron pT, and < 1.8 GeV for a muon. Events are rejected if they contain additional
leptons passing looser selection criteria and pT > 10 GeV. Jets are reconstructed from three-dimensional
calorimeter energy clusters using the anti-kt jet clustering algorithm [68] with a distance parameter of 0.4.
Jet inputs (clusters) are calibrated for the effects of calorimeter non-compensation and inhomogeneities
by weighting differently energy deposits arising from electromagnetic and hadronic showers using cali-
bration factors derived from MC simulations and validated with data [69–72]. An additional jet energy
calibration is subsequently applied to correct the jet energy response to the true hadron-level jet energy.
The impact of additional collisions in the same or neighbouring bunch crossings is also taken into account
using offset corrections derived as a function of the average number of interactions per bunch crossing
〈µ〉 and of the number of primary vertices. Events with four or more jets are selected with |η| < 2.5 and
pT > 80, 60, 40, 25 GeV, respectively. At least one jet needs to be identified as a b-jet. Jets containing a
b-hadron decay (b-jets) are identified using the ‘MV1’ b-tagging algorithm [73–76] which exploits both
impact parameter and secondary vertex information. An operating point is employed corresponding to
an average 75% b-tagging efficiency and a < 2% misidentification rate for light-quark/gluon jets for jets
with pT > 20 GeV and |η| < 2.5 in t  t MC events.

To resolve overlaps between reconstructed jets and electrons, jets within a distance of ∆R < 0.2 of
an electron candidate are rejected. Furthermore, any lepton candidate with a distance ∆R < 0.4 to the
closest remaining jet is discarded. The measurement of Emiss

T is based on the transverse momenta of
all electron and muon candidates, all jets after overlap removal, and all calorimeter energy clusters not
associated to such objects.

3.1 Signal Regions

Six signal regions (SRs) are defined in order to optimize the sensitivity for different stop and LSP masses.
The two tightest SRs D and E from the 2011 t̃1 → t+ χ̃0

1 analysis [20] have been retained for comparison.
Three SRs (labeled SRtN 1–3) have been optimized for the top LSP decay scenario exploiting the dis-
crimination power of all the variables studied. Each of these three SRs was optimized for a specific mass
region: SRtN1 for models where mt̃1 ! mt +mχ̃0

1
(close to the diagonal in the exclusion plot), SRtN2 for

models with high mχ̃0
1
, and SRtN3 for very high mt̃1 . The last SR (labelled SRbC) is used for the bottom

chargino decay scenario.
All five t̃1 → t + χ̃0

1 SRs require a selection on the 3-jet mass mj j j of the hadronically decaying top
quark to specifically reject the t  t background where both W bosons from the top quarks decay lepton-
ically. The jet-jet pair with an invariant mass above 60 GeV which has the smallest ∆R is selected to
form the hadronic W boson. The mass mj j j is reconstructed from a third jet closest in ∆R to the hadronic
W boson momentum vector and 130 GeV < mj j j < 205 GeV is required. To reduce background from
dileptonic t  t events with a hadronic τ in the final state, the selection in SRbC vetoes events that contain
an isolated track with pT > 10 GeV which passes basic track quality criteria and does not match the se-
lected lepton. The isolation criterion requires no additional track with pT > 3 GeV in a cone of ∆R < 0.4
around the candidate track.

For increasing stop mass and increasing mass difference between the stop and the LSP the require-
ments are tightened on Emiss

T , on the ratio Emiss
T /

√
HT, where HT is the scalar sum of the momenta of

the four selected jets, and on the transverse mass3 mT. Requirements are also tightened on two variants

3The transverse mass is defined as m2
T = 2plep

T Emiss
T (1 − cos(∆φ)), where ∆φ is the azimuthal angle between the lepton and

missing momentum direction.

3

All applied except for the 
pT > 80/60/40/25 GeV
and delta_phi(jet, MET)
cuts.
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Basic ATLAS Acceptance Cuts*

5.  130 GeV < Mjjj < 205 GeV.

6.  No additional leptons with pT > 10 GeV.

7.  QCD fake cut:  |MET + M_T(w)| > 60 GeV.

8.  delta_phi(jet, MET) < 0.8 for first two jets.

*See ATLAS-CONF-2012-166

All applied except for the 
pT > 80/60/40/25 GeV
and delta_phi(jet, MET)
cuts.
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Basic ATLAS Acceptance Cuts*

*See ATLAS-CONF-2012-166

9.   M_T > 140 GeV and M_T < 250 GeV

10.  MET > 150 GeV

11.  MET/ Root(H_T) > 8  GeV^(1/2)

Did not apply...
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New Cuts

Place the following cuts in addition to ATLAS cuts:

1.  Q/cosphi cut.

2.       cut. 

1 Introduction

χt =

For the first time in history, the TeV scale is being directly probed by the CERN Large Hadron Col-

lider (LHC). Even at this early stage, hints of the Standard Model (SM) higgs [?,?] as well as strong

constraints of new physics has been produced. Of particular interest are the constraints on new

scalar and gauge bosons (e.g. resonances [?,?,?,?,?,?,?,?,?]) as well as new exotic fermions [?,?,?]

which are harbingers of new physics scenarios. Some popular scenarios, with the corresponding

constrained parameter space, can be found in [?,?,?,?,?,?,?,?,?,?]. In this paper, we show how

single top production in conjunction with a variety of associated final states can provide a sensi-

tive probe of a wide variety new physics states. Some of these signatures are complementary. We

therefore also show how these comparative signatures can highlight (or constrain) the underlying

physiccal mechanisms that are associated with the production of the new physics. In some cases,

new physics searches with single tops can supersede the expected constraints for the early LHC run.

Given the coming LHC shutdown/upgrade, these searches can help to maximize the sensitivity of

the early LHC to new physics.

Observation of SM single top production can be experimentally challenging. Indeed, fifteen years

ago the TeVatron first observed the top quark in top pair production [?,?]. Yet only a few years

before the shutdown of the TeVatron were the collaborations able to announce the observation

single top production at three standard deviations [?, ?]. One reason for these difficulties is, to

leading order, the jet(s) not associated with the top decay are frequently in the forward regions

in the detector. Thus is potentially difficult to distinguish single top events from dominant QCD

backgrounds. The difficulty in observing Standard Model production becomes a strength when

considering production of new physics. We show

Typically, the visible parts of single top + X production via virtual top partners is in the center

of the detector.

Independently, we initially discussed signatures of single top quarks produced in association with

large amounts of missing energy []. Since other papers [] have considered analogous signatures and

dubbed them “monotops.” Our work should not be confused with their studies. The dark matter

featured in the monotop papers is not stable on collider time scales and therefore could not gen-

erate missing energy signatures. Moreover, many of the production mechanisms discussed in the

literature are (effectively) experimentally excluded for the LHC. To see the former, note the dark

matter in [] does not have a stabilization symmetry. If one turns around the production diagrams

the dark matter should decay in 10−14 to 10−12 seconds. (These estimates use the parameters in [].)

2
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New Cuts

For 400 stop and 200 GeV neutralino benchmark: 
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Figure 8: Q vs cos φ for t̃ → "q.

10

with 20/fb luminosity @ 8 TeV
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(b) background + signal

Figure 10: Q vs cosφ for the background and background + signal for the
standard method
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(b) background + signal

Figure 11: Q vs cosφ for the background and background + signal, for the
2 tagged jet method

12

SM backgrounds included:  

top pair (semi-)leptonic , ttV, w+ jets, z + jets, single 
top, ww, wz,wbb, ...   
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New Cuts

For 400 stop and 200 GeV neutralino: 

χT

Figs.[14] shows the 3-dimensional scatter plot of χT as a function of Q and
cos (φ), for the signal using the proposed analysis method. Figs.[15-16] show
the same 3-dimensional scatter plot of χT for the major background sources,
namely fully leptonic and semileptonic tt̄ decays.
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Figure 14: χT vs Q vs cosφ for a semileptonic stop
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Figure 15: χT vs Q vs cosφ for semileptonic tt̄
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Q/cosphi cut:
Removed this “hot region” 
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New Cuts

     cuts:

1 Introduction

χt =

For the first time in history, the TeV scale is being directly probed by the CERN Large Hadron Col-

lider (LHC). Even at this early stage, hints of the Standard Model (SM) higgs [?,?] as well as strong

constraints of new physics has been produced. Of particular interest are the constraints on new

scalar and gauge bosons (e.g. resonances [?,?,?,?,?,?,?,?,?]) as well as new exotic fermions [?,?,?]

which are harbingers of new physics scenarios. Some popular scenarios, with the corresponding

constrained parameter space, can be found in [?,?,?,?,?,?,?,?,?,?]. In this paper, we show how

single top production in conjunction with a variety of associated final states can provide a sensi-

tive probe of a wide variety new physics states. Some of these signatures are complementary. We

therefore also show how these comparative signatures can highlight (or constrain) the underlying

physiccal mechanisms that are associated with the production of the new physics. In some cases,

new physics searches with single tops can supersede the expected constraints for the early LHC run.

Given the coming LHC shutdown/upgrade, these searches can help to maximize the sensitivity of

the early LHC to new physics.

Observation of SM single top production can be experimentally challenging. Indeed, fifteen years

ago the TeVatron first observed the top quark in top pair production [?,?]. Yet only a few years

before the shutdown of the TeVatron were the collaborations able to announce the observation

single top production at three standard deviations [?, ?]. One reason for these difficulties is, to

leading order, the jet(s) not associated with the top decay are frequently in the forward regions

in the detector. Thus is potentially difficult to distinguish single top events from dominant QCD

backgrounds. The difficulty in observing Standard Model production becomes a strength when

considering production of new physics. We show

Typically, the visible parts of single top + X production via virtual top partners is in the center

of the detector.

Independently, we initially discussed signatures of single top quarks produced in association with

large amounts of missing energy []. Since other papers [] have considered analogous signatures and

dubbed them “monotops.” Our work should not be confused with their studies. The dark matter

featured in the monotop papers is not stable on collider time scales and therefore could not gen-

erate missing energy signatures. Moreover, many of the production mechanisms discussed in the

literature are (effectively) experimentally excluded for the LHC. To see the former, note the dark

matter in [] does not have a stabilization symmetry. If one turns around the production diagrams

the dark matter should decay in 10−14 to 10−12 seconds. (These estimates use the parameters in [].)
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Figure 15: χT vs Q vs cosφ for semileptonic tt̄
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dominant top pair 
semi-leptonic decay 

χT

Figs.[14] shows the 3-dimensional scatter plot of χT as a function of Q and
cos (φ), for the signal using the proposed analysis method. Figs.[15-16] show
the same 3-dimensional scatter plot of χT for the major background sources,
namely fully leptonic and semileptonic tt̄ decays.
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400 GeV stop/200 GeV neutralino
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Results for Signal Point

Result from (400/200) signal benchmark:  S/B = 64/47 = 1.36
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Most Recent Exclusion Plot*
95% c.l. exclusion
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Figure 6: Expected (black dashed) and observed (red solid) 95% CL excluded region (under the curve)
in the plane of mχ̃01 vs. mt̃1 , assuming B(t̃1 → tχ̃01) = 100%. All uncertainties except the theoretical signal
cross-section uncertainties are included. The contours of the yellow band around the expected limit are
the ±1σ results. The dotted red lines around the observed limit illustrate the change in the observed limit
as the nominal signal cross-section is scaled up and down by the theoretical uncertainty. For comparison
the light grey dashed line shows the expected exclusion limit of the ATLAS stop 1-lepton search on
13 fb−1 [24].

limits, especially for the t̃1 → b + χ̃±1 decay scenario and for the t̃1 → t + χ̃01 decay scenario near the
mt̃1 ! mt + mχ̃01 diagonal.

Figure 9 compares the upper cross section limits at 95% CL for a fixed LSP mass of 50GeV —
which covers a large range of possible top squark masses and also covers quite nicely all three SRtN
signal regions — obtained for signal models where t̃1 is purely t̃L or mostly (∼ 70%) t̃R. The mostly-t̃R
mixing composition is used for all other scenarios studied in this note. The weaker t̃L model exclusion
is mainly the result of a reduced lepton and mT acceptance. The acceptance is affected because the
polarization of the top quark changes as a function of the field content of the supersymmetric particles,
changing the boost of the lepton in the top quark decay. The excluded t̃1 mass reach of the t̃L model is
reduced by about 75GeV, for the assumed LSP mass.

Generic limits on beyond-SM contributions are derived from the same simultaneous fit as used for
calculating the CLs values but without signal model-dependent inputs — the generic signal model in-
cludes neither signal contamination in the control regions, nor experimental and theoretical signal sys-
tematic uncertainties. In the case of the shape fit, the generic signal model assumes, for each EmissT slice,
the presence of events only in the tightest mT bin, the signal being absent in the other bins. The resulting
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Most Recent Exclusion Plot*

To do:

1.  Method can be applied “above the line.”
2.  Check extent of exclusion.  Probe further?
3.  Single stop exclusion for light stops 
    (above the line as well).
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Figure 6: Expected (black dashed) and observed (red solid) 95% CL excluded region (under the curve)
in the plane of mχ̃01 vs. mt̃1 , assuming B(t̃1 → tχ̃01) = 100%. All uncertainties except the theoretical signal
cross-section uncertainties are included. The contours of the yellow band around the expected limit are
the ±1σ results. The dotted red lines around the observed limit illustrate the change in the observed limit
as the nominal signal cross-section is scaled up and down by the theoretical uncertainty. For comparison
the light grey dashed line shows the expected exclusion limit of the ATLAS stop 1-lepton search on
13 fb−1 [24].

limits, especially for the t̃1 → b + χ̃±1 decay scenario and for the t̃1 → t + χ̃01 decay scenario near the
mt̃1 ! mt + mχ̃01 diagonal.

Figure 9 compares the upper cross section limits at 95% CL for a fixed LSP mass of 50GeV —
which covers a large range of possible top squark masses and also covers quite nicely all three SRtN
signal regions — obtained for signal models where t̃1 is purely t̃L or mostly (∼ 70%) t̃R. The mostly-t̃R
mixing composition is used for all other scenarios studied in this note. The weaker t̃L model exclusion
is mainly the result of a reduced lepton and mT acceptance. The acceptance is affected because the
polarization of the top quark changes as a function of the field content of the supersymmetric particles,
changing the boost of the lepton in the top quark decay. The excluded t̃1 mass reach of the t̃L model is
reduced by about 75GeV, for the assumed LSP mass.

Generic limits on beyond-SM contributions are derived from the same simultaneous fit as used for
calculating the CLs values but without signal model-dependent inputs — the generic signal model in-
cludes neither signal contamination in the control regions, nor experimental and theoretical signal sys-
tematic uncertainties. In the case of the shape fit, the generic signal model assumes, for each EmissT slice,
the presence of events only in the tightest mT bin, the signal being absent in the other bins. The resulting
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Snowmass Contribution

• Use analysis to contribute to the reach of top partner 
searches with large MET.

• Contribute to compressed spectra effort.
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Snowmass Contribution

Thank you!
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